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+ ABSTRACT

~ The additive Quark model relates A to vector meson production.
The predictions of this model are formulated and cbmpared to the data_ in
a number of reactions involving vector mesons and A production. In all
cases excellent agreement with the data has been found. With the quark
model we generalize the vector dominance relation proposed by Cho and
Sakurai to the A case. Experiments agree well with the predictions.
Empirically the predictions appear to be valid also in other reactions

like Al production.
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1. INTRODUCTION

In the additive quark model (hereafter AQM) of Bialas et. al. [1],
any hadronic reaction is described by a sum of all possible combinations
of quark-quark of quark-antiquark interactions which are possible with
the quark content of the external particleé. In this paper we want to

discuss the predictions of the AQM in the special case of reactions

>involving a A. Since the spin of the A is greater than %, the number of

independent quark amplitudes is less than the number of independent helicity

amplitudes for the original reaction. Therefore the helicity amplitudes

have to satisfy certain constraints, which are usually called Class A
relations [1]. These constraints imply that a pA vertex, as it occurs

in the reaction

ap -~ ba*t ' (1.1)

with arbitrary particles a and b, has the same spin structure as the

reaction !

ar - bV 1.2)

where V denotes a vector meson. If one identifies this =V vertex with
real vertices mp or =w depending on the internal quantum numbers, one
gets relations between A production and V production amplitudes (so called
Class B relations). These Class A and B predictions are discussed in
Section 2 and compared with recent data.

The dynamical assumption that the basic quark-quark interaction

conserves helicity leads to helicity conservation for the whole reaction

v
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(Class C predictions). However, it has been argued [2] that in a relativ-
istic version of the quark model they cannot be valid. Empirically, these
Class C relations have been found incompatible with experiment [3].
Nevertheless it is interesting to see whether reéctions (1}1) satisfy

more constraints than those given by Class A. One possible approach is

that of Cho and Sakurai [4]. Frdm the requirement that the p production
_amplitudes in =N +'pNAShOﬁ1d extrapolate smoothly to the cdrresponding
ones in photoproduction of m, they derived relations between the |
longitudinal and transverse o production amplitudes. These relations

we call vector meson dominance relations (VMDR). 1In Section 3 we generalize

these ideas to the following special case of reaction (1.1)
mp o+ V't (1.3)

under the assumption that the A++p vertex satisfies the Class A constraints.

In the derivation of these VMDR, only a smooth dependence of the production

amplitudes on the vector meson mass is involved, but not the actual

existence of a massless vector meson. Since the AQM relates the Ap

vertex to a wV vertex, we can apply the ideas of ref. [4] to the Ap

vertex in reaction (1.3). Finally Qe compare the experimental predictions

of the VMDR with the data on reactions of the type (1.3). |
One important consequence of the AQM is the reduction in the number

of independent amplitudes for reactions (1.1) or (1.3), which allows one

to perform an amplitude analysis for these reactions even in the case of

a bubble chamber experiment with limited statistics and no information

about the polarization of the nucleons. Various possibilities are
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discussed in Section 4. The remainder of the paper is devoted to applications
of the VMDR in other reactions than (1.3).

Cho et. al. [4] compared the VDR for the reaction = p + p°n with
the data before the accurate data of the CERN-Munich group [5] became
available. The purpose of Sect{gn 5 is to show that the new data confirm
these VMDR.

As the example of the A reaction (1.3) shows, VMDR are not confined
to vector mesons. One can go even further and demand the same relations
for the production amplitudes for axial vector meson states; for example,
A, production in the reaction np>mmwp. By A, we mean a s-wave mp
state in the 3m system, but not necessarily a resonance. The experimentally
observed spin structure of this reaction is sufficiently simple that the
corresponding VMDR leads to helicity conservation for the A, along a
direction between the s-channel helicity (SCH) and the t-channel helicity
(TCH) direction (Section 6). If helicity conservation is true for this
diffractively produced system, it should also be observed in Q or N*
production. This we investigate in the case of reaction pp - (ﬂ+n)p.

The notation for spins and momenta of the particles in the quasi
two body reaction ab + cd will be the same throughout the paper (see
fig. 1). The four momenta of particle a(b,c,d) are denoted by p(p',k,k')
and their masses by m(m',M,M'). If particle b(c,d) carries spin, the
helicity is denoted by rp(r,r'). In many cases c(d) will be a resonance
decaying into two particles. The unit vector of the three momentum of the
decay particle in the c(d) rest frame is described by a(a'). If ¢ 1is
a w~ 3m, q denotes the normal to the 3m plane. In the decay 2t s pn+

the proton carries helicity y. The abbreviations P = p'+k' and
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P' = k+p will be useful. Throughout the paper the SCH coordinate
system will be used, unless stated otherwise. As usual S is the total
energy squared and t the momentum transfer t = (p-—k')z. We will

always assume that |t/s| << 1.

2. QUARK MQDEL PREDICTiONSFFOR A REACTIONS

~In this section we want to sketch the derivation of Class A and B
predictions of the AQM for reactioné involving a pA vertex. Then we
consider the ;pecial case of associated vecfor meson-A productions.
Finally we compare the Class A and B predictions with the data.

The most general two body reaction involving a A reads as

ap » cA' _ (2.1)
L‘_> 'ﬂ'+p

Particles a and c will be specified later on. The amplitude for the

process (2.1), including the A decay, can be written as

3/2*

1 A _
F = = 2 H ' ' (q') (2.2)
TpY T Tpt T'Y :
where H. , denotes the amplitudes for the incoming proton with helicity

I and the outgoing A with helicity 1'; the D function describes the
A decay into 1#})'decay depending on the helicity y of the decay proton
and its momentum direction q in the A rest frame. For reasons which
will be clear later on, we introduce the relative proton-A spin £ =1,2

and its magnetic quantum number, m, is equal to the helicity flip



L 22+1 /1 3 0\ . p
Hrpr, | ;2 == (3 |5 y - Hy - (2.3)
: %=1, ,

For application, helicity amplitudes are not the best ones to use because
of the constraints due to parity conservation. The following linear
combinations of ﬁlm are eigenamplitudes of the parity operator P times

a rotation around the normal to the production plane with angle :

R
Ti, = ZGi(m) H1m (24)
U, = E OB (2.5)
i i 2m :
|m|<1
v, = E v, m) Hy | (2.6)
jm|=2
where the coefficients € and y are given by
- m _ . i m _ _.m_
eo(m) Gm,O s €, 75 6|m],1’ €' > (2'7),
m _ i m) _ m o
I I - - A (2.8)
v V7 Iml2 v 2V |

The phrases in Eq. (2.7) have been chosen such that the vector
% = (T_, T, TO) transforms under rotations like an ordinary vector.
Parity conservation implies that T_, UO’ U_, V, are related to natural

and T,, T_, U, V_ to unnatural exchange. The cross section, including

0’
the A decay, for not observing any proton polarization is given by
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r.Y

and the normalization factors in Eqs. (2.2) and (2.3) are chosen such -
that the A-production cross section reads as
2~y 2 12 2 _
W, = fd q'w = Z(lTil + |Ui| + |Vi|> (2.10)
1
As explained in ref. [6], the relative spin & is equivalent to the

spin of the two interacting quarks in the p and A. This spin cannot be

bigger than 1. Therefore the Class A prediction of AQM in this case is
nSN -V, = 2.
Hyy = 0, or U. V. 0 (2.11)

Prediction (2.11) is not limited to the quark model. Any interaction of

basically vector type will involve only ﬁlm as the dipole model of ref. [7].

For pure natural exchange, the Stodolsky-Sakurai model [8] predicts only
T, being nonzero. To see the experimental consequences from Eq. (2.11)

we write the cross section (2.9) in terms of the quark model amplitudes Ti
w o= LY T, A (a')f* (2.12)
' 4o i Tik k :
ik _

where the matrix A 1is given by

N W
DOf

o B |
i a4 * 7 Sik
The matrix A in the more complicated case of nonvanishing U amplitudes

is given in the Appendix. For the remainder of the paper, we will always

assume that the Ap coupling obeys the AQM. This assumption allows us to



express the amplitudes in terms of measurable moments of the cross section W:
Al At 4
Re T T fd q' (Sql Qe - Gik)W (2.14)

In order to compare the AQM predictions with experiment, we now
specify particles a tobea m and c to be a p. By p we mean a P-wave

resonance state plus an S-wave contribution, as it occurs in the reaction

17+p > 1T+1T—_A++ (2.15)
with the dipion mass M in the p mass band. To obtain the amplitudes
for reaction (2.15) we have to expand the general production amplitude

Ti on the meson side into =m S and P waves

—— YV3P,_q +S. (2.16)
Vir n ;mm
where Pirl describes the P wave and Si the S-wave emission of the =

: A ~ ~ ~ . +
pair; q = (9, gy, qp) corresponds to the unit vector of = momentum
in the wr rest frame. P, are related to the helicity amplitudes Hlm -
of p production in ‘rr+p > p°A++ in the same way as Ti are related to

the H, amplitudes for the A in Eq. (2.4):

p. = N OR: (2.17)
in i n 1m,r ’

m,r

1m

The joint decay angular distribution for reaction (2.15) is obtained by

PPN 1 ] A A A

wd,a) = 5 E - Ay@) [Sqmqnfﬁjlpkm + 8,8+ V3 a (8P, * Sy 1n)]
(47)" L . 1

ik

mn " : (2.18)



The matrix Aik is given by (2.13). The following moments of this

distribution allow the determination of the various interference terms:

_ 2n 2a ferrar 4 5~ ~ 1 ,

= 20 320 7 (en o 4
Wik,m —f dqd q\/?qm (Sqi ql'( -3 Gik) ) (2.20) |

The explicit relation between those moments and the amplitudes reads as

follows:
W = Lpep. P* +p. P*)+Lls  Res.st (2.21)
ik,mn 2 im "kn in lm 3 m,n ik S
_ * * .

The simplicity of Eqs. (2.21) and t2.22) compared to the usual complicated
formalism [9] makes it very easy to extract the amplitudés from the
measurable moments. The number of nonzero moments and ainplitudes is
restricted by parity. An even number of + indices has to occur in the
amplitudes P mn,sm and the moments (2.21) and (2.22). Therefore, only
one amplitude with natural exchange occurs, P __, four P-wave unnatural
exchange amplitudes Poo> .PO-’ P g P and two S-wave amplitudes with
unnatural exchange S, and S_. In addition the moments have to be
symmetric in both ik and mn indices. This leaves us with 20 independent
moments of the type (2.21) and 10 S-P interference moments (2.22). This
means 17 constraints among the moments, if AQM holds. There are two types

of constraints: equality of moduli lead to linear, equality of phases
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lead to nonlinear constraints between the moments in Eqs. (2.19), (2.20).
The linear ones we can visualize in the following way: moments with
natural exchange at the A vertex and unnatural exchange at the meson
vertex must vanish by parity Co2servation. Therefore we get

W

++;00 W =W

0 - W = W W = 0 (2.233)

W++,0

Wy = W Wy, =0 (2.23b)

To get a common scale we have divided the moments by the total intensity

W The experimental moments in the p region for reaction (2.15) are

0.
shown as a function of /-t in fig. 2 for the 7 GeV/c data of ref. [10].
The agreement with the AQM predictions (Z.23) is very good.

The same investigation can be done for

Kp » Kaoa™' | (2.24)

. % . s .. .
"in the K region. The AQM prediction are again in good agreement with

the data at 12 GeV/c [11] as fig. 3 shows. We can replace the nrm state

in reaction (2.15) by a 3m state in the w region.  Since there is little

| background [12,13] under the w, we are studying the reaction

ﬂ+p > watt ' (2.25)

Besides the constraints (2.23a), we can obtain additional constraints by

projecting out natural exchange at the ww vertex. The same argument as

-

before leads to

W, = W Woa = 0 (2.26)

W 0 0-,++ 0 --,++ 0

00,++
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Both the moments (2.23a) and (2.26) are shown in fig. 4 for reaction (2.25)
as a function of v/-t. The data are taken from ref. [12] at 7 GeV/c. The
agreement with the AQM predictions is excellent. |

These comparisons tell us that the quark model type coupling for
the Ap vertex are substantiated by the data for associated production of
vector mesons and A. A meaningful test of the nonlinear constraints
requires much higher statistics than available in present experiments.

Now we ttirn to the so called Class B predictions of the AQM. They
identify the A in reaction (2.15) with real vector mesons. Therefore

the vector meson A production amplitudes Py should be symmetric

P. = P_. (2.27)

Due to the different masses of p and A, (2.27) can hold only in one
reference frame. According to ref. [14] Eq. (2.27) should be used in
the TCH frame, which has been verified experimentally at 3.9 GeV/c [3].
Due to this model dependence we want to make only a few tests of the
Class B relations. Even if Eq. (2.27) holds,v the single A and p decay
moments are not the same, as one can see from the different factors 5 '
and 5/2 in front of the quadratic terms in q and q' in Eq. (2.19).
These terms give rise to ordinary L¥ 2 decay moments (Yb) . From the
symmetry of P wé geﬁ therefore, a relation between the single A and o

decay moments

Q> = 208 (2.28)
o A
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These decay moments in the TCH system for the three reactions n+p > wA++,
n+p_+ poa*" at 7 GeV/c [10,12], and K+p > KA 117 at 12 GeV/c are
showh‘in figs. 5 and 6 as a function of v/-t. The data indicate that the
Class B prediction (2.28) is in reasonable agreement with experiment;
Equation (2.28) is not restrictéd to cases where p and A" are produced
“in the same reaction. Comparing the two reactions = p -+ p°n and pp - A" 'n,
the same relation (2.28) should hold provided the production mechanism is
the same. Both reactions are dominated by absorptive = exchange at low
|t| and natural exchange at high |t]| [5,16]; therefore a common production
mechanism seems to be a reasonable assumption. Both réactions have been
measured at 17 GeV/c by a CERN-MUNICH-UCLA collaboration [5,16]. The
comparison of the A moments in' pp - A++n and p moments in n-p + p°n

as function of V-t (fig. 7) indicates.good agreement with the Class B
prediction (2.28) élso in this case. Recently Field [17] compared K*
production K'n K*Op at 6 GeV/c with pp - 2**n data with a polarized

beam and found the Class B relation in good agreement with the data.

3. VECTOR DOMINANCE RELATION OF CHO AND SAKURAI
Cho and Sakurai [4] derived relations for the p-production amplitudes

for the reaction

Tp -+ p°n _ (3.1)

from the requirement that the p couples like a photon to a conserved
current. We will give a slightly different derivation for the simple
case that the nucleons in reaction (3.1) are spinless particles of opposite

parity and generalize these ideas to the more cdmplicated case of
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ap - Vo't (3.2)

where V stands for w or p. The original reaction (3.1) will be
discussed in the next section. Since the AQM relates a pA vertex in
reaction (3.2) to a mp vertex, we can apply this formalism also to the
A. Finally jWe compare the prediction for reaction (3.2) with the data.

The amplitude F for reaction (3.1) with spinless nucleons including

the decay p - wn are given by

- 1 A -,
F = I3P, q, (3.3)

41 n

where q denotes the decay = direction in the p rest frame. Parity

‘ . _
conservation requires P, =0. The vector P is in the same way related
to the helicity amplitudes as before in Eq. (2.4). Invariant amplitudes

are introduced by

P, = Len® e, (i = x5t | (3.4)
Ll

The four vector Eu(r) is uniquely determined by euku =0 '(ku is the
p momentum) and e, = eﬁ in the p rest frame. By adding terms ~ kg

to ju, we can always achieve the conservation law

k ¥ =0 ' (3.5)

Using (3.5) the explicit relation between the amplitudes P and the

"current” j" becomes very simple
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) | ' (3.6)

where M denotes the vector meson mass. ” In the rest frame Eq. (3.6)
reduces to 5=; " In a general reference it reflects the spin rotation.
.For massless vector mesons only transverse components of ; can contribute
to ; Since ju 1s a four vector, it can be decomposed into scalar

amplitudes A and B by:

J, = 2 AYK,B) (3.7
- With
| v t —m2 1
CU - pu + 2S Pu = 7 ku ' (3.8)
al'ld ’ # \ ‘
M2 1 |
K_u = —§§'Pu - E- ku . . (3.9)

' These linear combinations of the particle momenta (see fig. 1) are chosen
such that Eq. (2.5) is satisfied up to 0(1/ s) terms. Inserting ju into

Eq. (3.6) and choosing the SCH-direction as i-axis, we find for Py and P_

o
"

M(A - B) | (3.10)

24t A (3.11)

o
i

Thq crucial difference between the amplitudes A and B is that B enters
with Ku into ju’ which is explicitly M? dependent. B does not give

any contribution to production of a massless vector particle (y). Presence
of a significant B term would make any relation between p and y production

meaningless. To impose a smooth transition between y and p production
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we require B=0. This means that Py and P must satisfy the relation

p. = - M p | (3.12)

0o | &/?%— -
Due to the derivation, we call ‘Eq. (3.12) and the analogous relations in
other cases vector meson dominance relations (VMDR). Equation (3.12) has
" been derivedvin ref. [4] by writing.ju as a linear combination of the
~ external momenta and imposing the conservation law (3.5) as an identity
in M. This masks, however, the important omission of any M dependent
term ~ Ku in ju' Note that Eq. (3.5) can always be satisfied by adding
appropriate terms " ku to ju' An obvious consequence of the VMDR is the
following. Choosing as quantization axis the vector C in the V rest
frame, only P0 can be nonzero. This means helicity conservation along E.
This direction lies between the TCH direction ﬁ and the SCH direction 3
forming an angle ¢ = arc tg 2v-t with i;. Therefore the Donahue-Hogaasen

M
angle [18] is predicted to equal 6. As we will see, this helicity

conservation holds only in this simple case where we have pure unnatural
exchange. It will be true in general if only one amplitude contributes.

| Before we can apply the same idea to reaction (3.2), we have to find
the analogue of the AQM coupling (2.4) for the invariant amplitudes for
reaction (3.2). Ignoring for the moment the V-meson spin, the helicity
amplitudes HY , for the Ap vertex are given in the Rarita-Schwinger
representation [19]:

1

H . = Gu(k',r‘) J¥ u(p',rp) (3.13)
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The AQM for the invariant amplitudes means that Ju -does not depend
on any y-matrices connecting the A spinor uy and the proton spinor u.
To see this, we insert the explicit form of u, in terms of a direct
product of spin 1 and 1 representations

2

T o= Z(% an|3y'> e (k) e,k (3.14)

U
m,o

into Eq. (3.13). By taking Jy, outside the spinor product and comparing

this expression with (2.3) we find

- 4 ' 2 vy TH
Hy = g‘/(mp + M2 -t e:j(m,k )J (3.15)

¥

=0 . (3.16)

H2m
Absorbing the kinematical factor in Eq. (3.15) into the definition of Ju’
we see that the relation of the AQM between the Ap amplitudes HY Y and
an effective vectof meson production amplitude ﬁlm holds also for the
invariant amplitudes. With the help of Eq. (3.15) we can now express the
production amplitudes P of Section 2 for reaction (3.2) in terms of |
in\rariant amplitudes

_ ® t * 1AV
P = (k') X (K J . | (3.17)

The tensors X are given by Eqs. (3.4) and (3.6). The most general tensor
J*V which satisfies the conservation laws k;lJ“V = ]\rJW = 0 on both

vertices is obtained by
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Jl.l\) = <guV _ g k!Uk\)) CA + 4C'|,1 CU AU _ _é_ eu)\l)\2>\3 €VK1K2K3
S

U ' [ T AV oLV :
kxlkxsz3-kK1 k.K2 PK3 AN +4K " C B1 + 4K " K B2 (3.18)

The vectors Cu and Ku ‘are given by Egs. (3.8, 3.9) and C',K' are the

analogous vectors for the A side:

t-m
] - ' P _ 1 !
C = Py *—z P, -7k, (3.19)
. 12
L | ' l
Ku = ?E;.PU > ku (3.20)

The physical meaning of the various terms in Eq. (3.18) can be read off

from the connections between the scalar amplitudes and the SCH amplitudes:

P,, = Cp - 4tAy (3.21)
P = -Cy -4t Ay (3.22)
R -2M'\/Tt—(Au - B)) (3.23)
Py = M V-t | (3.24)
Poo =o' - B, + By . (3.25)

CA contributes to both natural and unnatural exchange spin flip amplitudes

and can be finite at t=0. It is therefore dominated by Regge cut

contributions. AN appears only in P, which means it describes A,

+

exchange. AU’ B, and B, describe the various unnatural exchanges. The

vector dominance arguments discussed before for the vector meson in
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reaction (3.2) require B,=0 in order to forbid the M dependent term
'\'Kﬁ in (3.18). This is equivalent to.the VMDR for the helicity amplitudes

p = -2¥-t

These VMDR are a consequence of a smoothness property of J*YV and j_u for
reaction (3.1) but do not necessarily require the existence of a massless
vector.meson. Therefore we can postulate the same smoothness property
for the A as far as the M' dependence concerns. This leads to the

requirement of B, =0 and to the following VMDR for the Ap side:

= -2¥-t p

Po = " Poo

(3.27)

The VMDR (3.26) and (3.27) do not ineah helicity conservation along E or
E', since C, and Az will not be zero; however, (3.26) and (3.27) lead

to constraints for the moments Wik,mn which can be tested experimentally.
Before doing so we want to make a comment on the pos'sible validity of the

VMDR (3.27) in = exchange dominated reactions. The = exchange pole term

gives the following expression for JuV

G .
J' = 4p' p —>— | 3.28
v PyPy 2 - (3.28)
m
Using Eqs. (3.8) and (3.19) to express p and p in terms of our
vectors C, C', K and K' we see that, due to m'? # mfr, B, must contain
the n-pole and cannot be neglected. Therefore we expect both VMDR (3.26)

and (3.27) to be valid only for the reaction
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np -+ woatt (3.29)

where m-exchange is impossible. For the reaction

w+p > p°A++ (3.30)

only (3.26) holds and for K+p > X*»"™ none of the two relations will be
valid, since in this case both B, and B, contain m-pole contributions.

To test the VMDR experimentally we first investigate the p VMDR
(3.26). Inserting the relation (3.26) into the moments (2.18)'1eads as
before in the test of Class A relations to linear and nonlinear constraints.

We consider only the following three linear constraints among the normalized

moments
Wy, o * oWy g, JMy = 0 (3.31a)
Moo 0- * @Mog 00 ~ Woo,++) 1My = O (3.31b)
[Woo,-- + gy o * W00,++]/Wo =0 (3.31c)
where a = ZN/TE_. Note that for reaction (3.30), W00,++ is not zero due

M
to the S-wave background under the p. The S-P interference moments have

to satisfy the following constréint if Eq. (3.26) holds

[Woo,- *+ oMgg o1Mg = O (3.32)

The experimental values for the four moments (3.31) and (3.32) for reaction
(3.30) at 7 GeV/c [10] in the SCH system are shown as functions of v/ -t

in fig. 8. This indicates that VMDR are in reasonable agreement with the
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~ data. For the w reaction (3.29), the Eq. (3.31) holds with W00 e = 0.

Imposing in addition the VMDR (3.27) for the A side, we find five more

linear constraints among the moments

3

[Wo-,oo + m'woo.’oo]/w0 = 0 (3.33a)

[w__-’00 + “'Wo-,oo]/wo = 0 (3.33b)

Wy s * 0'Wo, 0u1Mg = 0 (3.33c)

[wo_,_._ - oWy 20 Wy IMG = 0 (3.33d)

W__ g- - aW__ gp * 2a' wo_,o_]/w0 = 0 (3.33€)
where o' = 2\/?¥—. In fig. 9 we show the linear combinatibns of the

Ml
moments as in Eqs. (3.31) and (3.32) as functions of v -t for n+p >t

at 7 GeV/c [10] in the SCH coordinate system. From the reasonable agreement
we conclude that the VMDR holds also for the A in reaction (3.29). From
the 12 amplitudes allowed b; parity conservation AQM predicts only five
nonzero. The additionél VMDR reduce this number to three. In Table 1

we list the number of independent émplitudes.in the case of reactions

(3.29) and (3.30) together with the number of measurable moments, linear

and nonlinear constraints, if one imposes the AQM and/or the VMDR.

4. n p ~ p°n REVISITED

The VMDR have been derived originally in ref. [4] for .the reaction

Tp + e°n . : 4.1
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We want to repeat the treatment here for two reasons. First, there are

more amplitude analyses done for reaction (4.1) which clearly confirms

the VMDR, and, second, there is an important difference between our
treatment and that of ref. [4]. Writing the helicity amplitudes for
reaction (4.1) in terms of invariant amplitudes, we can omit all combinations
- leading to spin no flip at the pn. vertex for unnatural exchange [21]. With
this restriction the helicity amplitudes Hr - in the SCH system can be

p'’
decomposed as

— ' i1 1y % '
Hr T Gnnp U(rp)ys JV U(r )eu(r) (4.2)
with

J = 2 A +2kB+os_ X C
u poom u uv A

e, K (79 4 (- PR
(4.3)

where A and B are related to w-exchange, | CA corresponds to the n-cut
(the poor man's absorption model [21] sets C =1) and A (A ) to the
helicity flip (no flip) natural exchange contribution from A2 exchange.
We use the same vectors. C,K as defined in Eq. (3.8) and (3.9) to ensure
the validity of the conservation law kuJu = 0. In principle the Dirac
equation for u and u can be used to express the A§ in terms of A, B
and CA as done.in ref. [2], but this will lead to a VMDR which is incompatible
with experiment.

The restrictions imposed by the arguments of Cho and Sakurai [2] lead
to B=0. Since we use a linearly dependent set of scalar amplitudes, this

has no consequence for the helicity amplitudes. Nevertheless we can make
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 the following qualitative comparison. At |t]< 0.1 GeV2 A, exchange can
be neglected compared to m-exchange. With B=0 one obtains from (4.2)

and (4.3) for the r=0 helicity amplitude

M
= -t —/ ——— A § . 4.4
| -
rpr ,Q /"“—M2_4t bl rp, T

The usual m-pole exchange amplitude is given by

- 1
H' = -+v-t & . cosx F(t) (4.5)
rpr ,0 rp, T st mi"t |
where Xg t. is the crossing angle between SCH and t-chamnel helicity (TCH)
system with | -
' t-m
M+ T
cos Xgp = = (4.6)

t m? -t\2
M-I - 4t
M

and F(t) a form factor. Using the form (4.4) for w-exchange is equivalent
to replacing the numerator in fhe crossing angle (4.6) by its value at the
n-pole (the additional weak t-dependence in the denominator can be absorbed
into the form factor F(t)). This approximation has been made by all '

amplitude analyses [22] done on the CERN-Munich data [5], mainly because

2
)

there is no experimental evidence for a zero at |t| = M’ - m_in the r=0
amplitude. Another consequence of using Eq. (4.3) for = exchange is that
B=0. This and C, v 1 leads to a vanishing (Y‘;) in the TCH system, which is
in good agreement with the data (see fig. 7). All these comparisons have to

remain qualitative since they depend on neglecting the A2 exchange amplitudes,
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which are dominant for |t| ~ 0.5 GeV2. This was not known at the time,

when Cho and Sakurai derived the VMDR for reaction (4.1). This relation
is obtained by requiring B = Alﬁ = 0. Then the helicity amplitudes become

linearly dependent, Which gives the VMDR of ref. [4]:"

:H; ' M

-3, 0 N (4.7)

However, equality of ¥=0 and r=1 amplitudes is incompatible with the
known dominance of natural exchange for |t| >0.3 GeVz. Even if the original
VMDR of ref. [4] turns out to be incorrect, its weaker form B=0 explains

‘why in CoSX for the © exchange in Eq. (4.5) the factor M2+t - mfr

t
has to be replaced by its value at the pole t = mf'r. Finally we mention
that B=0 is required by the so called electric Born term model [4] (which

is a special solution of the VMDR (4.7)) and by some dual models [23].

5. APPLICATION TO AMPLITUDE ANALYSES

As Table 1 shows, an amplitude analysis for a reaction like 1r+p > vatt
cannot be done without polarized target experiments. The least restrictivev
assumption for such an analysis is the neglection of the double flip |
amplitudes Vi (in the notation of Section 2) at the A vertex, which
leads to a constraint fit. Usual statistics of bubble chamber experiments
still require more aséumptions. In this case the AQM assumption U=V =0
may be used.  In the analysis of reaction n+p > wh T at 3.9 GeV/c [24]

some nonquark model amplitudes have been claimed, which contradicts our
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our finding. In ref. [27] AQM has been used to determine the cross section
for the S-wave under the p° and K* in reactions n+p > p°A++ and

K+p > K*05™", Tﬁis cross section turned out to be in reasonable agreement
with the most recent wm phase shift analysis [16]. Together with VMDR

for the p the phase between P00 and P, has been determined [25].

For an amplitude analysis of the reaction

+

+ - 4 +F
TP > w w7 A

(5.1)
both in the regien‘and for high 37 masses using Vi==0 we refer to fﬁture

future publications [13,27]. An application to inclusive reactions as
ﬂ+p > Xt -(5.2)

seems to me especially worthwhile to pursue. Extrapolating the cross
section for reaction (5.2) to t==m; gives a measurement of the wrw total
cross section. However, in general the background makes this rather
unreliable. The'background can be (hopefully) reduced under the assumption

of the AQM, if one extrapolates the A moments (2.14) in the TCH system:
Tyl? = Z[ dza'(sa(')z - %) w(n'p > ™) . (5.3)
+ X + '

(mi - t)? ITOI2 at the pole is related to the mn cross section and
(mi - t)2 ]T+|2 should extrapolate to zero which serves as a check of

the method.
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6. VECTOR MESON DOMINANCE RELATIONS AND HELICITY CONSERVATION'

In the simple case of the reaction studied in Section 3, we established
helicity conservation along ¢ for the vector meson, if the VMDR is vaiid.
Presence of other exchange mechanisms prevent this from-being true as a
general rule. The following reaction is experimentally known to be

particularly simple

nip -+ Ai P - (6.1)
By Ai we mean a 1° S-wave state between p°ni, but not necessarily a

resonance. The data show [28,29] that this state is produced only by
natural exchange and by spin coherent nucleon amplitudes. Sq the protons
can be considered as scalar particles, and the formalism of the example
in Section 3 can be applied (reversing the role of unnatural and natural
exchange). If the arguments for the cﬁrrent ju can be also géneralized
to the axial current involved in reaction (6.1), we predict helicity
conservation along direction C. That means the experimental values

of the Donahue Hogaasen angle [18] should coincide with the angle 6

between TCH direction E and ¢ given by

2
— m -t
8 = arctg 2v -t T : (6.2)

MSW M

The measured angles at 40 GeV/c from ref. [28] are displayed in fig.

10 for two intervals of the 37 mass M; In view of the many assumptions

.
entering the experimental analysis we consider the agreement as surprisingly
good. In contrast to the reactions studied in the preceding sections,

reaction (6.1) is dominated by Pomeron exchange. If this helicity
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conservation is not accidental, the same should be true for other Pomeron
exchange reactions, for example PP > (nfn)p. Due to the 1imited statistics
availéble and the increased spin complication, no amplitude analysis has
yet been performed. However, hélicity conservation along é certain axis
should result in a flat distribution in the corresponding ¢ angle. This
] distribution for the data on PP > 7 p at 24 GeV/c [30] integrated
over M"+n < 1.7 GeV and Itpp, < 0.3 GeV2 is shown in fig. 11 for the three
‘coordinate systems TCH, SCH and using ¢ as axis. The data neither alldw
SCH or TCH helicity conéervation, but the ¢ direction is compatible with-
helicity conSerVétioh. |

Finally we mention that the nonreSonaﬁt 3m background in the reaction

++

w+p saa ATt at 7 :GeV/c [27] follows nicely the rule of helicity

conservation in that coordinate system.

7.  SUMMARY AND CONCLUSIONS

We investigated the consequences of the AQM relating a pA vertex
to a vV vertex. The restrictions imposed on the A coupiings led to
constraints for the joint decay moments in associated vector meson A
production. These have been fouhd in excellent agreément with the data

%0 ++

OA* and K+p -~ K7A . The assumption of a quark type

+ ++
ontp*wh , o
coupling turns out to be a very useful tool for amplitude analyses of A

reactions.

Cho and Sakurai proposed a smoothness relation for the p production
amplitudes in = p » pon from vector dominance. Since the AQM treats the

A as a spin 1 particle, this idea can also be applied to the A. We found
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the VMDR in good agreement with fhe data on np » wA for both w and 4,
and on mp ~ pA for the p. In cases with one amplitude dominating the
process, VMDR lead to helicity conservation along a direction ¢ between
the SCH and TCH direction. Surprisingly enough we found this helicity
conservation to be true also in diffractive processes. While the
theoretical justification seems to be rather poor, the experimental
success in various cases makes us believe this distinction of the I
vector may be a general rule. Apart from theoretical implication, such
a rule may be helpfﬁllin future amplitude analyses of wp ~ w(pwnw) or

pp > p(prn). The LBL analysis on w+p + (3m)°"" [27] demonstrates the

- <> - . .
advantage of using C as quantization axis.
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APPENDIX .
An observed asymmetry for the A may indicate the need for % S-wave
background. To include this we add to Eq. (2.2) the corresponding j =%

term . y

_ 2j+1 yi  pit s -
L > i P D@D (A1)
i=4,%
r'
35 . . . L .
Hr . 1s identical to that Eq. (2.3) and Hrzr given by
p : p
1
Hlji,)r = 8.4.°S (A.2)

Ignoring the double flip ampiitudes V' we can order the amplitudes into

a vector Xz = (T,, TO’ T_; S, U,, UO’ U ). The integrated cross section

is éimply given by
2
Wy = 11X,
0 . 2
and the decay angular distribution as

At 3
X, A;@Q") X (A.3)

=
H
5l -

o
=1

with the symmetric matrix A:
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TABLE 1.

Number of Amplitudes and Constraints

Meson State Assumptions P-Wave S-Wave Measure- Linear Nonlinear
Present ump Amplitudes Amplitudes ments Constraints Constraints

P - 12 - 20 - -
S+P - 12 4 30 - -

P Vi =0 9 - 20 - 3
S+P Vi =0 9 2 30 - 9
S+P Ui = Vi =0 5 2 30 5 12

P ' U1 = Vi =0 3 - 20 14 1

+ VMDR(3.26),
(3.27)
S+P U=Vs= 4 2 30 9 10

+ VMDR(3.26)

..ZS_
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FIGURE CAPTIONS |
Fig. 1. Notation for quasi two body reaction.
Fig. 2. Normalized moments from Eqs. (2.23) for np » nn att
at 7 GeV/c {10] in the o région (0.70< Mm< 0.86 GeV) as a
function of V-t in the SCH system. Quark model ClasswA
relations predict them to be zero.
+ - 4+

Fig. 3. Normalized moments from Eqs. (2.23) for K+p Kma

at 12 GeV/c-_[ll] in the K*0 region >(0.84 < MK1T < 0.94 GeV) as

-

function of v~T in the SCH system. Quark model Class A
relations predict them to be zero.

Fig. 4. Normalized moments from Egs. (2.23a) and (2.26) for ap > wn’t
at 7 GeV/c [‘12] as fur;ction of V-t in the SCH system. Quark
rﬁodel Class A relations predict them to he zero.

Fig. 5. Comparison of vector meson and A decay moments <Y1\24> in the TCH
system as function of /-t (p-data from ref. [10], K*-data
from ref. 11 ). Quark model Class B predicts <Y1\2/I>v‘= 2<YI%,I)A

Fig. 6. Comparison of w and A TCH decay moments <Y];> in the reaction
ﬁ+p > wa'" at 7 GeV/c [12] as function V-t . Quark model
Class B relations predict (Ylg)w = 2<Y1\24) A

Fig. 7. Comparison of »p TCH decay moments in n p - 0°n and A" decay
TCH moments in pp ~ A 'n at 17 GéV/c [5,16] as function of V-t .
The p-moments are represented by the solici lines. Quark model

. . 2, _1 2
Class B relations predict <YM) AT (YM>p.



Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.
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Normalized moments from Eqs. (3.31) and (3.32) for n+p > poA++

‘at 7 GeV/c [10] as function of v-t. a), b), c) and d) correspond

to Egs. (3.31la-c) and (3.32). The VMDR for p predicts them to
be zero. |

Normalized moments from Eqs. (3.31) and (3.33) for n+p > ot

at 7 GeV/c [12] as function of /-t . a) through h) correspond

to Egs. (3.33b), (3.31c), (3.33d), (3.33e), (3.31b), (3.33c),
(3.31a), and (3.33a). VMDR for w and A predict them to be zero.
Donahue-Hggaasen angle relative to the TCH system for A1 production
in 7 p > ﬂ_nfﬂ_p at 40 GeV/c [28] as function of -t in two 3w
mass intervals. The data represent the result of a partial

wave analysis and the curve the prediction of VMDR for axial
vector mesons.

Azimuthal angle y distribution for pp -+ (n+n)p in a coordinate
system using ¢ as defined by Eq. (3.8) as Z axis, the TCH

system and the SCH system. A ¢ distribution should be isotropic

. if the helicity is conserved.



Momentum p
Mass m

Momentum p'
Moss m

helicity £

Figure 1

Momentum k .

Mass - M

helicity r

Momentum K’
Mass M’
helicity r

XBL751-2018

-Ss-



-36-

T T | T l T T I
| T+p —°.1r"‘1r‘ AN
0.10 - W /W
0.05 - ' : —
0.0 ———iJT}HH 4 % { %
-0.05 { { -
¥ ' ' 5
' w /W
0.05 |- ++y0/ Mo
0.0 ——}——;«H—H} 1 P} :
-0.05+ | -
. A# . ' { { :-Js
0.05 |- ! - Wiy oo/ W,
. S
S
. | { -
& Wiso-/Wo 7
0.05 - { : } I —
0.0 ——{m{l—ii HI} | } — 1 .
0.05 - . i $ _J
T W++,oo/Wo 7
ogz—{i b
-0.05 |- Hi i”i } ¢ ! t f _
-0.10 1 1 1 1 | ] | H|
o1 02 03 04 05 Q.G 0.7 0.8 09 1.0
/T (Gev) |
: XBL74!1-8250

Figure 2



-37-

0.20}

0.0

b))

L
J
W

0.20H | ] 1

ol

0.20

0.0—* -
i

0.20

0.0 { $ i? E
0.20 ;
e T{ 1]

1 111 L{ L 1 ‘JLwﬂ,Jloo/wo

\, 0. 0.2 0.3 04 05 0.6 07 0O.B
J-1 (GeV)

—o—
—e—
b
]

0.0

XBL7411-825!

Figure 3



-38-

CAr—T——T7T T T T T T T T T
W /W T p—wA i
O.ZF ++,00 (s T T4
T e ] -
0.0b-4+——1— 4 I i T
. F_W*_ffl 4+ ) kir—ﬂ kﬂy_ﬂpq;—q ]
-0.2} . -
-: L J
szm- W++,o-/Wo -
0ot I
: F—{»—J—i_' — —e— 1 I +
u - ‘L
~-0.2+ ' ]
J; W++,--/Wo
0.2 -
9 T
o.0—5 LHH 4 - o
* 1 ) +D——4—1 T
-0.2} : ’ -
~y W-— H/Wo
0.21- : [ 77
+ i
0.0 '"*l —% T .:i_* T
-0.2+ 7]
:“' WO- ’++ /Wo j.
0.2 I -
b 0 { t:i:ﬂb—i—ﬂ_—;—i .- I T - I
' Sl e o
-o,2£ Woo,+4/W, 17
. T
0.2+ .
F—}—# - b——t
I { D Ul = = e
0.0 ———1 :
-0.2- ‘ _ I
oYY N it N SR USSR W TSN NN HN SOUN
© 0.0 0.2 0.4 0.8 1.0

Figure 4

XBL7410-4427



OO0 uvddO0s 27
-30.-
' LA T l T T | L
S p—~p A++ K+p-> K#O A++
0.24F 7 GeVe T 12 GeV/c ]
u i . 1 1 ) i
0.20 B §§ | o 2<YM>A T g d 2<YM)A 7]
N §£H(° <Y§>P 1 % ﬁ ] ° <Y,3,>K.. ]
010} { r % i
; A _ } :
O‘O4F : |
. M=0 { M=0 1 .
0.00 + ~+ + \ + 4+ 4 4 |
I i ]
-0.04} % } ] |
0.04[ N $ 1[ ) T
— =] . = | -
0.00 —g——+— %4 ¢ BN
ooal @ 1 ¥ i
004r  “Iut§ | { 1 % k -
-008 |- 1 }} -
u i
&~ F J
T ]
0.08 + { } -
0.04 ;5{ 1 g ]
S M=2 J M=2
0.00 | e84 %ﬁ — 30 K 4
-0.04}- F % Y/ i
010 I ! | j } 1 | ! ] ]

0.6

o
n

] 1
1.0 0.2 0.6 1.0
V-1 (GeV) |

XBL 745- 3171

Figure 5



-40-

1 W+Tp—: A7++ R §] 1 | T | 1 | T | OOO
7 GeV/c f 5 ﬁéf ﬂ { -0.04
0.20f e 2(Y2), [ vl | ﬂ % 008
2 L
i © Y ] :
- { 1 } —H0.08
o.10} : .
i % | Il -~ lHo.04
1 0.04F % % }{}% g 1 " 1o.00
0.00 ; %—l %{ T S - §§i§§ﬁ§ 0 %—-0.04
~0.04} M=0 % %I} l 1 4-0.08
02 04 06 08 10 ofz 04 06 08 1.0
V-t (GeV)

Figure 6



0.12
- 0.08

0.04
0.00

- -0.04

I I T I N I A

A‘Hmomen'rs (pp +2A)

¢
SN !
++ —t—t—t + : + —t I 5
B | \’\i <Y2> 1-0.8
1 O O T T O R W N S T T T I
0.2 0.2 .0

- 06

Figure 7

J_(G

06 l
eV)

XBL 745~3172

-IV-

gzen0eE A0

60



-42-

1 T | T T

O.IO_— (d) wtp—wtr- At -
0.0 { i{ r I
~ol0} ’ -
0.10 |- _ .
0.0 } i i
o0 @ | -
‘ ;-u ' ’ FL
T i
0.10 | i
7
0.0 H 1 JIL {
®
-0.10 | .
0.10 F ; A
IEs
0.0 +—%-¢ : i I !
(a) I
-0.10 1 | | i i -+
0. 02 03 0.4 05 06 07 08
v~1 (GeV)
XBLT741(-8252

Figure 8



00 o ved 33U s 29
-43-
0-4 1 1 1_1 - 1 1 1 1
J + | ++
'0.2_ ! | - 7r p-—)(UA _
* f } (a) (b)
00 1Tt+——+—+—"*+— i%éi’% + T T 7
-0.2 | R f + =
,: 2 = 7
o.2} 1 -
l (c) |71 () (e) l
OO '161;4 1 3 ilrj;g | ij JTJ J“
: . 1‘11.,L' y ¥ 1!1.11 —1 ﬁi IT]lI
-0.2L | 4 | L B
2 T T
0.2l } { ]
0.0 :§4§= —— . 1 4§1‘ +—

1(f)

(g)

Vot [6ev]

Figure 9

-0.2 T .
-04 | I W SR S | B T T | I T A
00O 04 08 0O 04 08 00 04 08 |I2

XBL7410 - 4428



ms,=1.0-1.2 GeV

m3,,=l2-l4 GeV

01 02 03 |
Momentum transfer [(GeV/c)?]

Figure 10

] ]
SCS _|
C
| | |
0.1 0.2 0.3
| XBL 745-3174

_Vv-



Nev’enfs/|5°

00«4 wvwadd 00530
-45-
pp—>.(nw*)p at 24 GeV/c
Mp,+<1.7 GeV Itpp | < 0.3 GeV?
TTTTTT1 TT T T T T T T 1
cs THS Nevents SHS
120 o 120} 180 4
100} {4100
80 80 120
60} — 60
401 - 40— - 60
201 - 20 -

11 b1

NN RN Ll

-180 -90 O 90 180 -180 -90 O 90 180 -180 -90 O 90 180
¢C (deg)

¢, (deg) 4?3 (deg)

XBL 745-3175

Figure 11



G
L.
Lo

Jd o -

This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




14 e =

~T

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



